Acquisition of a complete understanding of rice starch lysophospholipids (LPLs), 2 their biosynthetic pathways, genetic diversity, and the influence of genotype by 3 environment interactions has been hampered by the lack of efficient high throughput 4 extraction and analysis methods. We hypothesized a single-step aqueous n-propanol 5 extraction combined with liquid chromatography mass spectrometry (LCMS) could be 6 employed to analyze starch LPLs in white rice. Our investigation found different grinding 7 methods showed little effect on the final LPL detected and a simple single-step extraction 8 with 75% n-propanol (8mL/0.15g) heated at 100 o
INTRODUCTION 18
Cereal starch granules contain endogenous lipids that occur both within and on the 19 surface of starch granules 1 . The starch lipids in this paper refer to those that naturally 20 form inclusion complexes with starch, and amylose in particular, inside the granules 2 . 21
Starch lipids are important because they interact with starch and modify product texture, 22 rheological properties, digestibility and storage stability [3] [4] [5] . 23
Cereal starch lipids are mainly monoacyl lipids, such as free fatty acids and 24 lysophopolipids (LPLs, see Supporting Information for Publication for the structures)
1 . 25
The starch LPLs accounts for about 50% starch lipids in rice and are of particular interest 26 to us because they contain bioavailable nutrients such as phosphate, choline and 27 ethanolamine 6 . We recently systematically reviewed the rice phospholipid literature, and 28 evaluated their significance in grain quality and contribution to human health benefits 6 . 29
Although rice starch LPLs are not major sources of dietary phospholipids such as oil 30 seeds, eggs or seafood, they may play an important role for some modern concepts of rice 31 qualities such as glycemic index 6 . In addition, LPLs may have important role in starch 32 biosynthesis and hence impact rice quality. However, there are few reports concerning 33 these LPLs in cereals, which is partially due to the lack of an efficient analytical method. 34
Rice starch LPLs have previously been analyzed using a combination of classical thin 35 layer chromatography (TLC) and gas chromatography (GC) methods 7 . The major rice 36 starch LPLs were found to be lysophosphatidylcholine (LPC) and 37 Apparent amylose content was determined using the iodine staining method 19 . The 93 absorbance of the solution was measured at 620 nm against the blank solution using a 94 spectrophotometer. The apparent amylose content was determined in duplicate for each 95 sample. 96
Multi-step extractions 97
The multi-step extraction was carried out in triplicate for each sample. In the first step 98 of extraction, rice flour (0.5 g) from each sample was weighed accurately and placed in a 99 16x125 mm, PYREX culture tube. Chloroform/methanol (2:1, v/v; 8 mL/) was added to 100 each tube which were capped with rubber liners, placed on ice, and the supernatant 101 and re-dissolved in 1mL 75% n-propanol for LCMS analysis. 116
Single-step extraction 117
Rice flour (~0.15 g) from each sample was weighed accurately, placed in a culture 118 tube and extracted for two hours under nitrogen at 100 o C with 75% n-propanol (8 mL). 119
The culture tubes were weighed before and after heat extraction to ensure there was no 120 loss of solvent which would have affected the solvent/sample ratio (w/w). A 1mL aliquot 121 of the extract (Figure 1 ; R01B1-R13B1 and R01C1-R13C1) was transferred to a vial for 122 the LCMS analyses. Triplicate extractions of each sample were undertaken. 123
LCMS analysis 124
The analysis of extracts was undertaken using an Agilent HPLC (Series 1290) 125 equipped with a vacuum degasser, binary pump, auto-injector, diode array detector(DAD, 126 1260), coupled to an Agilent quadrupole mass detector (MSD, 6120). A Phenomenex 127 Luna C18 column (5 m; 150×4.6 mm internal diameter) was used for analysis of rice 128 grain lipids. Column temperature was set at 40 o C. Absorbance was monitored between 129 190 nm and 600 nm. The injection volume was set at 5 l per injection. The LCMS 130 system was controlled using ChemStation software. 131
Two linear gradient elution programs based on our previous research of the lipophilic 132 components in wheat grain 15, 16, 22 were used for the qualitative analysis of concentrated 133 rice lipid extracts (Figure 1; R01BN-R13BN, R01CN-R13CN , R01BS-R13BS and 134 R01CS-R13CS). The first linear gradient contained methanol with 0.005% trifluoroacetic 135 acid (TFA) and 2-propanol with 0.005%TFA. The solvent gradient was programmed 136 from 10% to 95% 2-propanol with 0.005% TFA in 15 min with a flow rate of 1.0 mL/min. 137
The second linear gradient contained acetonitrile with 0.005% TFA and water with 138 0.005% TFA. The solvent gradient was programmed from 10% to 99% acetonitrile in 30 139 minutes with a flow rate of 1.0 mL/min and held at 99% acetonitrile for 5 min. The rice starch LPLs were quantified using an external standard method. The MSD 160 was operated using the same parameters as for the ESI method above except that Single 161
Ion Monitor (SIM) mode was used rather than Scan mode. Four available MSD signal 162 channels were employed to detect ten ions simultaneously as shown in Table 2 . Standards 163 were prepared at concentration of 32pM, 160pM, 800pM, 4000pM, 20,000pM, 164 100,000pM, 200,000pM. LPLs eluted at similar retention time were allocated to different 165 signal channels (Table 2 ). The LPLs without commercially available standards were 166 quantified using LPLs of similar structure ( Table 2 ). The method was validated for 167 linearity, precision, limit of detection, limit of quantification and working concentration 168 range prior to quantification. 169
Statistical analysis 170
All the LPLs data were measured at least in triplicate. gentle ball mill method has visibly larger particle size than flour generated by the cyclone 188 sample mill. The moisture content of the flour was between 10.39-11.47% (Table 1) . 189
The multi-step extraction conditions were chosen carefully based on our previous 190 review 6 . The first step of multi-step extraction with chloroform/methanol was designed to 191 extract non-starch lipids and it is a classic method for lipid extraction. The second step of 192 multi-step extraction with n-propanol aqueous solution was designed to extract starch The yields (%) of non-starch lipids extracted by chloroform/ methanol (2/1, v/v) 212 varied from 0.10% (R04CN) to 1.34% (R02CN) (Table 1, Figure 1&2 ). For some 213 samples such as R02, R03, R07, R08 and R09, the yields (%) of non-starch lipid extracts 214 of cyclone-milled samples were significant higher than those of ball-milled samples (P < 215 0.001), which may be due to the effects of different grinding methods. The yields (%) of 216 starch lipids extracted by 75% n-propanol were higher than the non-starch lipid extracted 217 by chloroform/methanol (P<0.05) and varied from 0.70% (R01BS) to 2.24% (R12CS) 218 (Figure 2 ). In general, the yields of extracted lipids are higher from the cyclone milled 219 flour than from the ball milled flour which may be attributed to the finer flour generated 220 by the cyclone mill which have higher contact surface with the extraction solutions. 221
However, the two grinding methods were proved to have no significant effects on the 222 quantification of total LPLs by subsequent LCMS analysis (P = 0.363). As yield (%) 223 calculations were based on extraction from a very small quantity of rice flour (0.5g for 224 each extraction), these results should only be considered as a preliminary indication of 225 the relative non-starch lipid and starch lipid content in rice grain. Although different rice 226 samples were used, the yields obtained are higher than those reported by Juliano 24 for 227 non-starch lipid (0.41%-0.81%) and starch lipid (0.12%-0.57%) (P<0.05), suggesting a 228 possible co-extraction of non-lipid components in our experiment. 229
LCMS analysis of lipids extracted from multi-step extraction 230
The concentrated extracts from multi-step extraction (Figure 1; R01BN-R13BN , 231 R01CN-R13CN, R01BS-R13BS and R01CS-R13CS) were analyzed using the 2-232 propanol/methanol LCMS method. The total ion chromatograph (TIC) clearly indicated 233 that the major components in the first step extract of multi-step extraction (non-starch 234 lipids) were the relatively non-polar triglycerides (eluted at 8-11 min) as discussed in our 235 previous reports (Figure 3a Publication) demonstrated that the two peaks were actually positional isomers of 1-acyl-270 2-hydroxy and 2-acyl-1-hydroxy LPLs, which were formed via acyl migration 26 . We tried 271 to isolate pure 1-acyl-2-hydroxy LPC/LPE, the thermodynamically favored isomer 26 , 272 using preparative HPLC. However, it underwent migration during separation attempts, 273 forming a mixture of 1-acyl-2-hydroxy and 2-acyl-1-hydroxy isomers and so we were 274 unable to obtain pure 1-acyl-2-hydroxy or 2-acyl-1-hydroxy LPC/LPE within the scope 275 of this study. The 1 H NMR analysis indicated that the isomer mixtures generally 276 contained up to 10% 2-acyl-1-hydroxy isomer. 277
LCMS quantification of LPLs 278
The LCMS method used for the qualitative analysis could also be used to quantify 279
LPLs with modification of mass detection from Scan mode to SIM mode. However, this 280 method was not suited for testing a large number of samples as it took 45 min and 281 consumed approximately 25 mL acetonitrile and 540 liters of high purity N 2 for each 282 analysis. Therefore, an ultra performance liquid chromatography (UPLC) approach was 283 introduced, with the optimized method involving about 30% of the time (45 15 min) 284 and 10% cost (e.g. 25  2.5 mL acetonitrile) for each analysis. In this UPLC method, the 285 effect of column length reduction (15050 mm) on chromatography resolution was 286 compensated by the finer column packing particles (5 1.8 m). In this report, the limit of detection (LOD) was defined as the concentration of LPL 296 that was required to produce a signal greater than three (3) times the standard deviation of 297 the noise level (S/N>3). The limit of quantification (LOQ) was defined as the 298 concentration of LPL that was required to produce a signal greater than ten (10) times the 299 standard deviation of the noise level (S/N>10). The Signal-to-Noise ratio (S/N) was 300 calculated using an Agilent Chemstation Software (Rev. B04.03). Under the LCMS 301 conditions used in this study, the limit of detection (LOD) was about 6 pM (about 3 302 pg/mL) and the limit of quantification (LOQ) was about 30 pM (about 15 pg/mL). Based 303 on the current extraction and sample preparation methods, we can detect and quantify 304 each LPL when its concentration in the rice grain is above 0.75 ng/g (about 1 ppb). 305
The R 2 of the LPL standard curves were all greater than 0.9996 over the working 306 concentration range (between 32 pM and 200,000 pM). The precision of the instrument 307 was obtained by injecting a standard mix solution six times (n=6). The average of the 308 relative standard deviation (RSD) values for each LPLs was about 1% of the six repeated 309
analyzes. 310
The ten major starch LPLs extracted by the second step extraction of multi-step 312 extraction were quantified using the LCMS method above and added together as the total 313 starch LPLs. The total starch LPLs (from R01CS -R02CS and R01BS -R02BS, Figure 1 ) 314 varied between 516-675g/g for the waxy rice (or glutinous rice, amylose content less 315 than 2%) and 5733-8139g/g for the non-waxy rice (R03CS-R12BS) (Figure 4b (Table 3) . As reported by Chang et al.
14 , the individual LPL 344 differences observed in this study may be caused by the combination of varietal and 345 environmental effects. To unravel how environmental variation contributes to the rice 346 starch LPLs, growing environments should be studied at different stages of rice 347
development. 348
Increase sample throughput by single-step extraction method 349
The ten major starch LPLs extracted by the single-step extraction were quantified 350 using the LCMS method above and added together as the total LPLs in rice. ANOVA 351 analysis indicated that extraction methods had significant effect on total LPLs (P<0.001). 352
In most cases, total LPLs were slightly higher in the single-step extraction than total 353 starch LPLs in the multi-step extraction (Figure 4b Compound Name: 1-oleoyl-sn-glycero-3-phosphoethanolamine
